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ABSTRACTS  
Effect of a flocculent of bentonite clay with MgCO3 in Synthetic AMD was investigated in present study. The AMD samples were collected 
from the western decant in Krugersdorp, South Africa was modified by adding arsenic, zinc and cobalt. The pH, conductivity, dissolved oxygen 
(DO), oxygen reduction potential (ORP) and turbidity were measured. Those samples were treated with bentonite clay, MgCO3 and a flocculent 
of bentonite clay and MgCO3 respectively in a jar test, employing either rapid or slow mixing. Results showed that the conductivity of the 
samples with increasing bentonite clay while keeping MgCO3 constant decreased with increasing dosage, which was attributed to adsorption of 
the ions onto the negative sites of the porous bentonite when ionic strength increased. The oxygen content of the DO and ORP was not 
influenced by the rate of mechanical agitation, i.e. rapid and slow mixing respectively. Destabilization-hydrolysis was not influenced by the pH 
but the ionic strength of the colloidal AMD suspension, valence and electronegative of the metal ions. Turbidity removal of the synthetic 
flocculent used occured through physico-chemical phenomenon (SEM micrographs) and charged porous bentonite clay. In conclusion: 
Bentonite clay controls equilibrium state of the ionic strength of the system through adsorption of excess ions added to the system. Velocity 
gradient induced by mechanical agitation does not have an influence on the turbidity removal. 
Keywords: wastewater, coagulants, AMD, mixing, shaking, turbidity 
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1. Introduction 
The major environmental degradation attributed to 
mining operations world-wide includes uncontrolled discharge 
of contaminated decant from abandoned mines (Pulles et al., 
2005), which is commonly termed AMD. The type of 
wastewater is characterized by low pH, high salinity, elevated 
concentration of sulphate, iron, aluminum and manganese, 
among others. It also contains high level of toxic heavy metals 
such as cobalt, copper, cadmium, zinc including radionuclides 
(Akcil et al., 2006). AMD is not only associated with surface 
and groundwater contamination, but also degrade soil quality, 
aquatic habitats and allows seepage of heavy metals into the 
environment (Adler et al., 2007). It is also detrimental to 
humans as it poses threat to human life due to its high heavy 
metals which are non-biodegradable. They accumulate in 
living organisms causing various diseases and disorders 
(Nagajyoti et al., 2010). Low pH of AMD results in solubility 
of heavy metals in water and the high concentration is an 
attribute to toxicological effects on aquatic systems (Nagajyoti 
et al., 2010). Acidic water rich in metals may also form in 
spoil heaps and mineral tailings through biological processes 
as in the mines, but the quality of the AMD derived from those 
sources may be more aggressive compared to those discharged 
from the mines. However, both types of AMD originate from 
mining operations except that the latter is formed from the 
sulphuric acid which is produced during the oxidation of 
pyrite, a precursor to AMD. The sulphuric acid evaporates to 
the atmosphere and is introduced to the tailings and surface 
during rainfall. The impact of the mining waste, especially 
AMD is so catastrophic.  
Environmental Protection Agency (1987) revealed that 
catastrophic may be rated as the second to global warming and 
stratospheric ozone depletion in terms of ecological risk. 
Polluted sites may not be fully rehabilitated or restored as 
pollution is so persistent that there prevails no effective 
remedy (EEB, 2000). South Africa is one of the countries with 
multiple mining operations, gold and coal mining, the main 
sources of AMD being predominant. Catastrophic decant 
started in the West Rand (Goldfields) in August 2002, where it 
flowed northwards through the game reserve towards Cradle of 
Humankind World Heritage Site, causing a serious damage 
(Oelofse et al., 2007). The incident caused a chaos especially 
the blame which was directed to the scientists, mining 
companies and government for their reluctance to initiate 
remediation action towards  
AMD decant (Mail & Guardian, 2005). 
Treatment of AMD is a serious challenge as it is costly 
and requires sophisticated technologies, thus orchestrating 
negligence towards AMD treatment approach. Although that 
would be economical especially during the current water-
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scarcity crisis which is attributed climate change, treatment 
costs still remain unbearable. Conventional wastewater 
treatment using inorganic coagulants has widely been 
employed for some time due to abundance of Fe and Al on the 
earth crust. The technique is simple and cost-effective as it 
involves coagulation-flocculation process. The efficiency of 
coagulation-flocculation strongly affects the overall treatment 
performance (Bratby, 2016), hence it is essential to optimize 
dosage to achieve optimal destabilization-hydrolysis; the stage 
where coagulation-flocculation occurs. 
Coagulation-flocculation is a process which is divided 
into two distinct processes, i.e. the former being the process 
where destabilization of a colloidal suspension occurs to 
overcome stability of the system. The latter is explained as the 
induction of the destabilized particles in order to agglomerate 
so that separation through gravity settling can be 
accomplished. 
Coagulation-flocculation is determined by the rate of 
destabilization-hydrolysis, which is attributed to the ability of 
the coagulant to disrupt equilibrium between the van der 
Waals attractive and electrostatic repulsive forces, diffusing 
through the electrical double layer (EDL) of the aqua-colloids 
(Sincero et al., 2003).  According to Debye-Hückel theory, it is 
possible to calculate that the thickness of this layer is given by 
the equation: 
 Z = 0.33x10-2                     (1) 
where z = thickness of layer, in cm, ε = dielectric constant for 
the solution (C/V.cm) and I = ionic strength, in mol/L 
The results from Eq. 1 indicate that EDL repression is 
achieved by increasing the ionic strength of the solution. 
Increasing the ionic strength of the solution through addition 
of more ionic species and adding ions of high valence is 
expressed as: 
 I = 0.5 Σ CiZ
2
j                                         (2) 
where C = concentration of ionic species j, Z = charge of ionic 
species j 
 Apart from conventional treatment, neutralization of 
the AMD sample using metal hydroxide was also employed 
during AMD treatment. Researchers such as Aubẻ et al., 
(2003), Maree (2004), Akcil et al. (2006) and Kurniawan et al. 
(2006) employed lime neutralization for the removal of heavy 
metals and sulphates. Neutralizing reagents react with the 
hardness and natural alkalinity in the wastewater to form 
insoluble compounds, which then precipitate and are removed 
from the water by sedimentation and, usually, filtration. 
Inevitably, neutralizing reagents are more appropriate in AMD 
treatment as they may consume the protons and add alkalinity 
through bicarbonate ions as shown by Eqs. 3 and 4. 
 MCO3 + 2 H
+
 → Mn+ + H2O + CO2  (3) 
 MCO3 + H2CO3 → M
n+
 + 2 HCO3
-
  (4) 
where M = Mg. 
In the case of raw water supply, neutralizing reagents 
are added to remove hardness which is in the form of 
temporary (calcium or magnesium bicarbonate) and permanent 
(chloride or sulphate ions) hardness. The former originates 
from the dissolution of naturally occurring salts in rain water 
whereas the latter is derived from mineral acids present in rain 
water or the solution of naturally occurring acidic minerals. A 
fraction of sulphate ions is derived from the oxidation of pyrite 
(AMD formation) which evaporated to the atmosphere and 
dissolves in rain water (Eq. 5). 
2 FeS2 + 7 O2 + 2 H2O → 2 Fe
2+ 
+ 4 SO4
2-
 + 4 H
+     
    (5) 
Apart from inorganic and neutralizing reagent, clay has 
been used in the treatment of the AMD (Dzombak et al., 1995, 
Ekosse et al., 2010, Gitari et al., 2011, Otto et al., 2013, 
Emmanuel et al., 2013, Mansri et al., 2015, Ntwampe et al., 
2015a and 2015b), among others. The advantage of using clay 
in the treatment of AMD is its pH-independent adsorption 
property of metals which is attributed to cation exchange in the 
interlayers and the electrostatic interaction between the ions 
and the permanent charge (Dzombak et al., 1995). 
Furthermore, adsorption by ion exchange is predominant at 
low ionic strength and pH, where the latter relates to the 
wastewater (AMD) treated in this study. The process can be 
explained by Donnan equilibrium or the accumulation of ions 
in the double layers which develop at the basal planes of the 
clay lamellae (Dzombak et al., 1995). Donnan equilibrium 
expresses clay particles as separate homogeneous phases 
bearing negative charges arising from isomorphic substitution. 
On the other hand, the ion exchange reaction (e.g. Na
+
 and H
+
) 
is expressed as: 
H
+
 + NaX → Na+ + HX; Ke               (6) 
where X = solid exchanger, H+ and Na+ = ions in solution and Ke = 
mass action law coefficient for the reaction. 
Bentonite clay which is mined in South Africa 
generally contains both calcium and magnesium 
montmorillonite (Nel et al. 2014). Clay has previously been 
evaluated as a reagent for turbidity adsorption (Tahir et al., 
2007, Waanders et al., 2010, Gitari et al., 2011 and Ntwampe 
et al., 2016). Montmorillonite has a large specific surface area 
with a net specific charge and is responsible for bentonite’s 
large exchange capacity (Syafalni et al. 2013). 
Montmorillonite is composed of a central sheet of octahedral 
aluminium ions between two tetrahedral sheets (T-O-T) of 
silicon ions; these sheets are linked by oxygen atoms. The 
configuration of the bentonite clay is responsible for its 
efficiency in adsorption/absorption (Syafalni et al., 2013). 
 MgCO3, the reagent which is used in this study is not 
popularly employed during wastewater treatment. However, 
the choice to use it in the treatment of the AMD in this study is 
based on the similarity between calcium and magnesium ions, 
i.e. they are metalloids, identical valence and electronegativity, 
but different electron configuration. It exhibits similarly 
identical reactivity with calcium ion during water softening 
(Eqs. 1 and 2). On the other hand, the flocculent prepared by 
the combination of bentonite clay and MgCO3 is perceived to 
yield optimal turbidity removal. 
The present study investigates the capacity of the 
adsorption of the combination of bentonite clay and MgCO3 
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dosage from the AMD sample, a significant factor in 
wastewater treatment. Initial concentration of the adsorbate 
determines the adsorption capacity of an adsorbent (Ouazene, 
2010), hence it is significant to use a cost-effective 
reagent/adsorbent (flocculent). Percentage turbidity removal 
efficiency (E %) is calculated in the Eq. 7. 
E % =     (7) 
where C0 and Ci = initial and residual concentration of the 
wastewater effluent (mg/L), respectively. 
The adsorption capacity at different times has to be 
calculated according to afore-mentioned equation. Pseudo 
first-order is expressed by Eq. 8: 
                            (8) 
The pseudo second-order can be described by Eq. 9: 
            (9) 
where = the adsorbed amount of the dye at equilibrium 
(mg/g),  = the adsorbed amount of dye at a certain time t 
(mg/g) and  = the rate constant for the first and 
second order adsorption kinetics, respectively. These kinetic 
modeling were required to report the rate of adsorptions. 
The main objective of this study is to determine 
turbidity removal efficiency of a combination of bentonite clay 
and magnesium carbonate (flocculent) in AMD treatment 
without pH adjustment. The other objectives include the 
determination of the effect of mixing speeds (rapid or slow 
mixing) and the methods (mixing or shaking) on turbidity 
removal from AMD treatment with a combination of using 
bentonite clay and magnesium carbonate dosage.  
2. Materials and Methods 
In this study, coagulation-flocculation treatment has 
been applied to the AMD sample using 20-60 mL dosages of 
varying masses (0.5-2.5 g) of bentonite clay and 0.043 M Mg
2+
 
in MgCO3, respectively, prepared with demineralized water. 
The study also includes the optimization of the dosage 
(increasing bentonite clay while decreasing MgCO3). A second 
study includes the determination of the effect of mixing speed 
while the third study determines the effect of turbidity removal 
efficiency between mixing and shaking. The pH, conductivity, 
turbidity, DO and ORP of the samples were measured before 
and 1 hour after each set of experiments. A 200 mL AMD 
sample was poured into 500 mL glass beakers or Erlenmeyer 
flasks and 20, 30, 40, 50 and 60 mL of a reagent was poured 
respectively, mixed in a flocculator or a shaker at 250 rpm for 
2 minutes and reduced to 80 rpm for 10 minutes. The samples 
were allowed to settle for 1 hour after which the measurements 
were conducted. Another similar set of experiments was 
conducted to compare the effect of rapid with slow mixing in 
the AMD treatment with bentonite clay and MgCO3 dosage 
respectively or as a flocculent. 
2.1 AMD sample 
The samples were collected from the Western Decant in 
Krugersdorp in a 25 litres plastic drum. The sample was air-
tied and stored at room temperature. The quality of the sample 
was modified by adding 3.23, 2.5, 2.8 and 8.9 g/moL of As, 
Co, Zn and Pb, which have 75, 59, 65 and 207 g/mol, 
respectively. The pH, conductivity, residual turbidity, ORP, 
and DO of raw AMD sample were 2.16, 6.27 mS/cm, 207 
NTU, 241 mV, and 3.9 mg/L, respectively. The sample 
contained the following major elements: Cu, Zn, Co, Ni, Mn, 
Ti, Pb, Al, Fe, Se, Na, Mg, Ca and K, and the concentrations 
are shown in Table 1. 
Table 1: ICP-EOS results of the metals in supernatant of raw AMD 
2.2 Coagulant 
Inorganic coagulants of 0.043 M of Mg
2+
 ions were 
dosed for coagulation-flocculation of the AMD, and the 
concentrations are chosen as per a study which was conducted 
by Ntwampe et al. (2013) on paint wastewater treatment. The 
calculation of the mass of metal salt (Table 2) to obtain 0.043 
M of M
n+
(M
n+
 = Mg) was as follows: 
                 Monoprotic metal salts (MCl3) 
  0.043 M of M 3+ x mass of M*CO3.6H2O    (M*= Mg)      (10) 
Table 2. Mass of MgCO3 for the preparation of standard solutions 
Salt Mass of salt (g) Concn (mol/L) M3+concn (M) 
MgCO3 2.49  0.043  0.043  
2.3 Procedure in jar tests or a shaker. 
The equipment used for the jar tests was a BIBBY Stuart 
Scientific Flocculator (SW1 model), which has six adjustable 
paddles with rotating speeds between 0–350 rpm. 200 mL 
sample of AMD containing 11.9 g of solid particles was 
poured into each of the five 500 mL glass beakers or 
Erlenmeyer flasks for the test. Rapid mixing was set at 250 
rpm for 2 minutes, followed by slow mixing at 80 rpm for 10 
minutes, a normal standard recommended in a jar test.  
2.4 Performance evaluation 
The pH was used as a determinant to assess the rate of 
hydrolysis and hydrolytic potential of bentonite clay and 
MgCO3 flocculent at different mixing duration, whereas the 
concentration and turbidity were measured to determine the 
ionic potential and removal of colloidal particles from the 
samples respectively. 
2.4.1 pH/ORP/DO/CD measurements 
A Senso Direct Multimeter (made in South Africa) was 
used to measure the pH/ORP/DO/CD with an electrode filled 
with silver chloride solution and the outer glass casing 
Elements Concentrations (ppm) 
Al  1.182 
Ca 173.4 
Co 47.6 
Cu 0.14 
Fe 28.3 
K  4.5 
Mg 67.3 
Mn 35.3 
Na  44.5 
Ni  0.44 
Pb 39.5 
As 41.3 
Se 0.71 
Zn 36.8 
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membrane covering at the tip was used. The equipment was 
calibrated with standard solutions with pH of 4.0 and 7.0 
before use. Each parameter used its probe which was replaced 
prior to measurements, and an appropriate selection button was 
pressed to measure the correct parameter. 
2.4.2 Turbidity measurement 
A Merck Turbiquant 3000T Turbidimeter (made in 
Japan) was used to determine turbidity or the suspended 
particles in the supernatant, using NTU as a unit of measure. It 
was calibrated with 0.10, 10, 100, 1000 and 10000 NTU 
standard solutions. The values obtained were multiplied by 2.4 
to convert to TSS (g/L). 
2.4.3 Scanning Electron Microscopic Analysis 
A KYKY-EM3200 digital scanning electron 
microscope (model EM3200) equipment (China) was used to 
produce the SEM photomicrographs.  
2.4.4 Inductively Coupled Plasma (ICP-OES) 
A Perkin Elmer Optima DV 7000 ICP-OES optical 
emission spectrometer (USA) was used to determine the 
metals in the supernatant of the AMD samples. It was 
calibrated with a standard solution between 2-50 mg/L of the 
salts mentioned above. 
3. Results and Discussion 
3.1. DO Concentration and ORP  
The DO and ORP were measured to determine the 
concentrations of oxygen and redox potential, respectively. 
Data reported on Fig. 1 represents the AMD sample with 
increasing dosage (0.5, 1.0, 1.5, 2.0 and 2.5 g) of bentonite 
clay and decreasing dosage (60, 50, 40, 30 and 20 mL) of 
MgCO3, and vice versa; on the other hand, increasing or 
decreasing dosage of a combination of bentonite clay and 
MgCO3. 
The changing pH during destabilization-hydrolysis is 
indicative of the rate of hydrolysis, i.e. dehydroxylation of the 
hydration spheres of hexagonally hydrated central metal ion to 
form hydrolysis species releasing protons. The protons 
released are attributable to the changing (decreasing) pH of the 
solution. The stability of a colloidal suspension which is 
caused by the formation of EDL prevents agglomeration. It is 
dependent upon the surface charge of the colloidal suspension 
and the composition of the solution, i.e. the pH and ionic 
strength. (Geckeis et al., 2011 and Schelero et al., 2011). It is 
destroyed when a reagent with high valence and 
electronegativity is added, causing destabilization-hydrolysis 
and agglomeration. The reaction is faster when the colloidal 
suspension has high ionic strength and charge density (Deepthi 
et al., 2011 and Loux, 2011), an observation revealed by the 
changing pH with increasing dosage of a flocculent (Fig. 1), 
i.e. higher rate of destabilization-hydrolysis (Environmental 
contamination by anthropogenic radionuclides through ground 
water). Inevitably, ineffective destabilization-hydrolysis is 
indicative of a weak reagent as it is incapable of diffusing 
throughout the EDL to disturb the equilibrium between the van 
der Waals attractive and electrostatic repulsive forces (Swartz 
et al., 2004). The coagulants with their cations (M
n+
) 
proliferate the concentration of the positive charges in the 
system, thus weakening the electrostatic forces of repulsion. 
The metal ions of the coagulants in the polarized system are 
then hydroxylated to form precipitates which are sorption 
substrates.  
 
Fig. 1. pH of AMD with bentonite clay, MgCO3 and flocculent 
dosage with mixing 
pH1-clay = pH of increasing clay, pH2-clay = pH of decreasing clay, 
pH1-MgCO3 = pH of increasing MgCO3, pH2- MgCO3 = pH of 
decreasing MgCO3, pH1-flocculent = pH of increasing clay and 
constant MgCO3 and pH2 = pH of increasing MgCO3 and constant 
clay. (Clay = bentonite clay) 
The pH of the AMD samples with increasing 
bentonite clay dosage (Fig. 1) does not exhibit strongly 
change, i.e. 2.16 in the raw AMD to a range of 2.10-2.13. The 
results indicate that the clay does not undergo hydrolysis. 
Similarly, the pH of the AMD samples with decreasing dosage 
does not exhibit any change, in a range of 2.09-2.11. The pH 
of increasing dosage of MgCO3 exhibits an increasing trend in 
a range of 2.10-2.43. On the other hand, the pH of decreasing 
dosage of MgCO3 increases slightly in a range of 2.29-2.30. 
The reason for a change of 2.29, 2.31 and 2.30 in the samples 
with 60, 50 and 40 mL respectively is attributed to the small 
amount of bentonite clay added, i.e. 0.5, 1.0 and 1.5 g, 
respectively. 
The pH of the samples with increasing bentonite clay 
and a constant MgCO3 (Fig. 1) increases in a range of 2.22-
2.40, while the pH of the samples with increasing MgCO3 and 
constant bentonite clay increases considerably in a range of 
2.30-2.56. The slight increasing trend of the pH of the samples 
with constant MgCO3 is attributed to the increasing 
concentration with increasing quantity of the flocculent. This 
is invoked by considerable pH change with increasing MgCO3 
and constant bentonite clay (2.30-2.54), which also shows the 
neutralizing potential of MgCO3. 
The rising pH shows that the MgCO3 dissolved to 
form Mg
2+
 and CO3
2-
, where the former hydrolysed to form 
Mg(OH)
+
 and Mg(OH)2 whereas the latter remained suspended 
in the solution. The formation explains that turbidity removal 
is through particle bridging and entrapment in the precipitate 
(Mg(OH)2(s)). 
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Fig. 2. DO and ORP of AMD with bentonite clay, MgCO3 and 
flocculent dosage with mixing 
DO1/ORP1 = DO/ORP with rapid mixing, DO2/ORP2 = 
DO/ORPwith slow mixing and flocc = combination of bentonite and 
MgCO3. 
The experimental results (Fig. 2) showed an 
insignificant change between the raw and treated AMD on the 
former, i.e. from 3.9 mg/L  to the ranges of 4.0-4.8 mg/L 
(rapid mixing) and 4.0-4.8 mg/L (slow mixing), whereas 
changed from 236 mV to the ranges of 188-229 mV (rapid 
mixing) and 189-237 mV (slow mixing). The lower the 
variation of the DO between the raw and treated AMD sample 
is indicative of a limited or no oxidation in the system and vice 
versa. On the other hand, the upper limit of the ORP of the 
samples with slow mixing exhibits a slight higher value than 
the rapid mixing, the positive value is indicative of 
predominance of reduction reaction. 
In view of the fact that the DO and ORP reflect the 
concentration of the oxygen which is utilized for oxidation-
reduction (redox) reaction, the results are indicative of redox. 
According to Table 1, it shows that oxygen was utilized during 
redox reaction of heavy metals to form active cations some of 
which react to form precipitates. The DO of the samples with 
bentonite clay and MgCO3 does not exhibit discrepancy 
compared to the raw AMD sample. In addition, the DO of 
those samples treated during rapid and slow mixing do not 
exhibit discrepancy, which indicates that redox reaction is not 
influenced by the rate of mechanical agitation. On the 
contrary, the DO of the samples with a combination of 
bentonite clay and MgCO3 exhibited a slight change, which is 
indicative of redox reaction. In general, the DO and ORP 
between the samples with rapid mixing do not exhibit a 
difference compared to their corresponding samples with slow 
mixing. Although the discrepancy of the DO and ORP between 
the raw and treated AMD samples does not change, the 
observations in the present study indicate that they are not 
influenced by the rate of mechanical agitation (Fig. 2). 
Fig. 3 represents the conductivity and residual 
turbidity of the samples with bentonite clay, MgCO3 and a 
combination of bentonite clay and MgCO3, respectively while 
increasing and decreasing their concentrations 
interchangeably. 
 
Fig. 3. Conductivity vs. residual turbidity of AMD with bentonite clay, 
MgCO3 and flocculent dosage with mixing 
Cond1 = conductivity, cond2-flocc = conductivity of flocculent with 
increasing clay and decreasing MgCO3, cond3-flocc = conductivity of 
flocculent with increasing MgCO3 and constant clay, ResTurb1-= 
residual turbidity, ResTurb2-flocc = residual turbidity of flocculent 
with increasing clay and constant MgCO3, ResTurb3-flocc = residual 
turbidity of flocculent with increasing MgCO3 and constant clay. 
(Clay = bentonite clay). 
The conductivity is an indicative of the total ions in 
the colloidal suspension, i.e. positively charged cations (H
+
 , 
Na
+
, Mg
2+
, etc.) and negative anions (OH
-
, Cl
-
, SO4
2-
, etc.). 
The conductivity is attributed to the ionizable compounds 
when remaining unreactive and thus suspended in the solution; 
and therefore directly proportional to the concentration of the 
ions. The ions are in Brownian motion but at different 
velocities (mobilities) through the solution, contributing 
differently to the conductivity. The common cations with high 
mobility include the hydrogen ions [H
+
] whereas the anions 
with high mobility are the hydroxyl ion [OH
-
].  
The conductivity of the samples with increasing 
bentonite clay (Fig. 3) does not exhibit significant change 
compared to conductivity of the raw AMD, whereas the 
conductivity of the samples with increasing MgCO3 and 
flocculent increases with dosage. The discrepancy of the 
conductivity between the samples with MgCO3 and flocculent 
is almost similar, which correlate to conductivity of the 
samples with bentonite clay only. The observation confirms 
that bentonite clay does not have an effect on the conductivity 
of the AMD. On the hand, conductivity of the samples with 
increasing bentonite clay while keeping MgCO3 constant 
decreases with increasing dosage. This may be attributed to 
adsorption of dissolved ions onto the negative sites of the 
porous bentonite when ionic strength increases. This trend is 
also prevalent in the samples with increasing MgCO3 and 
constant bentonite clay, which indicates that the system 
reached a saturation point resulting to adsorption of excess 
ions onto the bentonite clay. 
The residual turbidity of the samples with increasing 
bentonite clay (Fig. 3) decreases with increasing concentration 
from 207 NTU (raw AMD) to a range of 22-9.3 NTU, showing 
that there are more pore sites for adsorption with increasing 
concentration. Similarly, residual turbidity of the samples with 
MgCO3 decreases with dosage, which is indicative of 
ameliorated neutralization with increasing dosage. Turbidity 
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below 15 NTU is considered as within the specification while 
below 20 NTU as moderate in the present study. Neutralization 
is exhibited by the reduced concentration of the heavy metals 
(Table 3) to form settleable precipitates. However, the 
precipitates are not directly formed from the decomposition of 
the MgCO3, but through hydroxylation (Eq. 11) and the 
reaction of metal ions with amphoteric water molecules of the 
bulk fluid (Eqs.12 and 13) 
               M
2+
 + 2 H2O-⇌M(OH)2 + 2 H
+  
                        (11)  
    M(OH)2 + OH
-⇌M(OH)3 + H2O acting as an acid      (12)    
M(OH)2+ 2H
+⇌M3+(aq) + 2 H2O acting as a base             (13) 
Table 3. ICP-EOS results of the metals in supernatant of treated   
             AMD  
Eq. 9 shows that hydroxylation of a metal ion in a 
solution is spontaneous due to acid-base property of water 
molecules, which is also attributed to their bipolarity. The 
reduced heavy metals (Table 3) include Fe, Ca, Co, Mg, Mn, 
Na, As and Zn, some of which are hydroxylated (M(OH)2) and 
settle as precipitates when others are sorbed onto the Mg(OH)2 
precipitates. Some heavy metal ions are adsorbed onto the 
charged sites of the porous bentonite clay when the others are 
intercalated between the T-O-T layers of the bentonite clay. 
The net negative charge of the bentonite clay as a result of 
cationic substitution within T-O-T (Oladipo et al., 2014) 
enables it to attract the metal ions (Table 3). Excitingly, the 
flocculent used in this study exhibited a degree of heavy 
metals removal, i.e. As, Co, Zn and Pb from 41.3, 47.6, 36.8 
and 39.4 mg/L to 4.93, 1.56, 4.3 and 3.6 mg/L. This yielded 
percentage turbid material removal efficiencies of 86.8, 96.7, 
88.3 and 90.0 %, these percentage removal efficiencies fall 
within acceptable limits. 
The results shown by residual turbidity (Fig. 3) are in 
agreement with Eqs. 1 and 2, which express the repression of 
the EDL with higher ionic strength, i.e. elevated conductivity. 
The high ionic strength is indicative of high concentration of 
dissolved ions which induce double layer compression. Double 
layer compression occurs during diffusion of counterions 
decreasing the distance between neighbouring particles, which 
results in the high rate of collision and agglomeration. As a 
consequence, adsorption is inevitable resulting in the reduction 
of the heavy metals and turbid material (Fig. 3).  
 
Fig. 4. Residual turbidity of AMD with bentonite clay, MgCO3 and 
flocculent dosage with rapid and slow mixing 
ResTurb1 = residual turbidity of increasing, ResTurb1-flocc = 
residual turbidity of increasing clay and constant MgCO3, ResTurb2-
flocc = residual turbidity of increasing MgCO3 and constant clay, 
ResTurb3-clay = residual turbidity of increasing clay, ResTurb4-clay 
= residual turbidity of decreasing clay, ResTturb3-MgCO3 = residual 
turbidity of increasing MgCO3, ResTturb4-MgCO3 = residual 
turbidity of decreasing MgCO3, ResTturb3-flocculent = residual 
turbidity of increasing clay and constant MgCO3 and ResTurb4 = 
residual turbidity of increasing MgCO3 and constant clay. (Clay = 
bentonite cly, 1 and 2 = rapid mixing, 3 and 4 = slow mixing) 
Fig. 4 illustrates residual turbidity of the AMD with 
bentonite clay, MgCO3 and flocculent respectively with 
increasing, decreasing and constant dosages inter changeably, 
employing rapid and slow mixing. The rationale is to 
determine the effect of the rate of mechanical agitation 
(flocculation and flocculation) in the removal of turbidity. As 
mixing employed in wastewater treatment is applied in two 
processes, rapid mixing induces high shear forces which result 
in floc rupture and poor adsorption, whereas flocculation 
increases adsorption capacity of the turbid material through 
velocity gradient and differential velocity (Aboulhassan et al., 
2006). 
Residual turbidity of the samples with increasing 
bentonite clay and rapid mixing (Fig. 4) decreases with dosage 
from 207 NTU to a range of 17.0-7.8 NTU, whereas the 
turbidity of the samples with increasing MgCO3 exhibits an 
inconsistent changing trend in a range of 15.0-9.2 NTU. Both 
reagents exhibit the lowest residual turbidity (7.3-10 NTU) in 
the samples with 50 and 60 mL dosages, which is expensive 
compared to 20 and 30 mL dosage in a larger scale. Residual 
turbidity of the samples with increasing bentonite clay and 
constant MgCO3 (flocculent) with rapid mixing is lower 
compared to the samples with bentonite clay or MgCO3 
dosage, in a range of 6.6-11.8 NTU. The samples with the 
lower dosages, 20-40 mL yielded the lowest residual turbidity 
(6.6-8.1 NTU). However, residual turbidity of the samples 
with increasing MgCO3 and constant bentonite clay (Fig. 4) 
yielded slightly higher residual turbidity (8.0-13.6 NTU) than 
the former set of experiments. The results are more likely to be 
attributed to the constant bentonite clay dosage, deterring 
optimal turbidity removal, a condition prevalent in a set of 
experiments with increasing bentonite clay. 
The residual turbidity of the samples with increasing 
and decreasing dosages of bentonite clay (slow mixing) 
yielded higher values in the samples with 20-40 mL (16.2-8.1 
Elements Concentrations (ppm) 
Al  1.175 
Ca 67.3 
Co 1.56 
Cu 0.14 
Fe 16.1 
K  4.1 
Mg 42.5 
Mn 8.6 
Na  34.2 
Ni  0.44 
Pb 3.6 
As 4.93 
Se 0.68 
Zn 4.3 
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NTU) whereas the latter yielded residual turbidity in a range of 
8.2-6.0 NTU. This is attributed to lower concentration (0.5, 1.0 
and 1.5 g/L) compared to 2.5, 2.0 and 1.5 g/L of AMD. 
Furthermore, the residual turbidity of the samples with 
increasing and decreasing MgCO3 dosage (slow mixing) is 
slightly higher than the set of experiments with bentonite clay, 
i.e. in the ranges of 9.0-16.3 and 8.7-14.8 NTU, respectively. 
The results show that bentonite clay has more turbidity 
removal efficiency than MgCO3. 
Residual turbidity of the samples with increasing 
bentonite clay and constant MgCO3 exhibited an inconsistent 
changing trend in a range of 7.0-13.4 NTU, where the samples 
with 30 and 40 mL showing the lowest values. The residual 
turbidity of the samples with MgCO3 dosage (slow mixing) 
exhibited an increasing changing trend in a range of 7.0-12.5 
NTU. The changing trend is mainly attributed to increasing 
concentration of MgCO3 as bentonite clay is constant. Overall, 
the residual turbidity of the samples with all the reagents (rapid 
mixing) is similarly identical to that of the samples with slow 
mixing, i.e. in the ranges of 6.6-13.6 and 7.0-13.2 NTU 
respectively. The experimental results show that velocity 
gradient induced by mechanical agitation does not have an 
influence on the turbidity removal from the AMD with a 
combination of bentonite clay and MgCO3 dosage.  
Figs. 5 and 6 represent the correlation between the pH 
and the efficiencies of turbidity removal in the samples with a 
combination of bentonite clay and MgCO3 dosage with rapid 
and slow mixing, respectively. The object was to determine the 
accuracy of the data used to plot pH and residual turbidity 
graphs. 
Correlation coefficient between the pH and turbidity 
removal efficiencies of the combination of bentonite clay and 
MgCO3 dosage with rapid mixing (Figs. 1 and 4) is 97.9 %. 
 
Fig. 5. E % vs. pH of the AMD with a combination of benonite clay 
and CaCO3 rapid mixing 
 
Fig. 6. E % vs. pH of the AMD with a combination of benonite clay 
and CaCO3 slow mixing 
Correlation coefficient between the pH and turbidity 
removal efficiencies of the combination of bentonite clay and 
MgCO3 dosage with slow mixing (Figs. 1 and 4) is 98.6 %. 
Fig. 7 shows the Freundlich model of the AMD sample with a 
combination of bentonite clay and MgCO3 dosage with slow 
mixing. Statistical analysis (Table A1) validate the accuracy 
and reliability of the experimental data as already exhibited by 
the Freundlich model. Statistical analysis was computed using 
the same sample also with slow mixing. 
Table A1: Statistical analysis of the samples with a combination of 
bentonite clay and MgCO3 with slow mixing 
 
Expt 1 Expt. 2 Av. A.D. S.D % A.D. C.I. % E.E E.E 
1 2.2 2.24 2.22 0.02 0.02 0.9 3.18245 1.4 0.03 2.2 ± 0.15 
2 2.29 2.26 2.275 0.02 0.02 0.7 3.18245 1.1 0.02 2.5 ± 0.10 
3 2.34 2.31 2.325 0.01 0.01 0.6 3.18245 1.1 0.03 2.1 ± 0.21 
4 2.41 2.37 2.39 0.02 0.02 0.8 3.18245 1.5 0.04 2.7 ± 0.69 
  
 
Fig. 7. Freundlich isotherm of turbid material onto a combination of 
bentonite clay and MgCO3 with slow mixing 
It is observed that the value of the determination 
coefficient is close to unity (0.993), which implies that the 
Freundlich model is suitable for the prediction of the 
adsorption behaviour in this study. It has not been ideal to plot 
Langmuir model to evaluate an accurate predictive model as 
commonly done because of the accuracy exhibited by 
Freundlich model.  
The kinetic study using pseudo second order 
Freundlich model (Eq. 9) was deemed unnecessary as the 
adsorption variances between intervals (Fig. 6) are 
insignificant (Table A1). Statistical analysis was computed 
using the sample with a combination of bentonite clay and 
MgCO3 dosage with slow mixing to validate the accuracy and 
reliability of the experimental data (Table A1). 
 
Position [°2Theta] (Copper (Cu)) 
10 20 30 40 50 60 70 8 9
Counts 
0 
1000 
2000 
Bentonite clay+MgCO3–slow mixing 
 
B 
Position [°2Theta] (Copper (Cu) 
10 20 30 40 50 60 70 80 90 
Counts 
0 
1000 
2000 
Bentonite clay+MgCO3–rapid mixing A 
 
Fig. 8. XRD graphs of the sludge of the AMD with a combination of 
clay and CaCO3 during rapid and slow mixing 
The XRD curves (Fig. 8) of the AMD sludge of the 
samples with a combination of bentonite clay and MgCO3 
dosage with rapid and slow mixing, respectively (Fig. 8). The 
XRD results of the AMD sludge with a flocculent during rapid 
mixing (Fig. 8A) shows four peaks representing crystalline 
materials at 2θ positions of 20, 37 and a small peaks at 38 and 
61°,  respectively; with intensity slightly above 1000 and 1700 
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counts. Similarly, the XRD results of the AMD sludge with a 
flocculent during slow mixing (Fig. 8B) shows small peak at 
21, 37 and two small peaks at 55 and 65° position and same 
intensity. The peaks indicate that the residual mineral phases 
retained in the sludge of the AMD samples with a combination 
of bentonite clay and MgCO3 rapid and slow mixing are 
identical. 
The SEM micrographs (Fig. 9) show the crystal 
morphology of the AMD sludge with a combination of 
bentonite clay and MgCO3 with rapid and slow mixing, 
respectively. 
 
Fig. 9. SEM micrographs of the sludge of the AMD with a 
combination of clay and CaCO3 during rapid and slow mixing 
The SEM micrograph (Fig. 9) of the sludge of a 
sample with a combination of bentonite clay and MgCO3 rapid 
during mixing (Fig. 9A) and slow mixing (Fig. 9B), where the 
former shows the agglomeration of moderate dense structures 
with some small structures scattered around on their surface. 
On the other hand, the micrograph (Fig. 9B) shows clusters of 
agglomerates separated by the voids. The structural 
morphology of the micrograph (Fig. 9A) shows that the sample 
was subjected to shear stress during mechanical agitation 
whereas the micrograph (Fig. 9B) shows that the agglomerates 
clustered in fragments. A common denominator between the 
two micrographs is their sponge-cake like dense non-spherical 
structures, which depicts optimal adsorption potential due to 
their crystal configuration. The dense structures also show 
some form enlargement which is indicative of adsorption of 
the turbid materials. 
The weight % mineral content of the bentonite clay is 
shown in Table 4, where CO2 and FeO represent siderite 
(FeCO3) and form a larger wt. % (33.2 and 45.3 wt..%) of the 
total complex compounds contained in both coal/gold mineral 
composition, and the rest are trace elemental compounds. The 
particles size (Table 4) also plays a pivotal role during 
treatment, as larger particles settle due to settling velocity 
whereas fine particles removal is through chemical treatment.  
Table 4. Weight and atomic % of bentonite clay. 
Element Weight% Weight% Atomic% Compound% Formula No. of ions  
C K 9.07 0.46 16.55 33.22 CO2 2.15 
Mg K 0.91 0.08 0.82 1.50 MgO 0.11 
Al K 1.56 0.08 1.26 2.94 Al2O3 0.16 
Si K 5.06 0.13 3.95 10.82 SiO2 0.51 
S K 1.48 0.10 1.01 3.69 SO3 0.13 
Ca K 1.14 0.08 0.62 1.60 CaO 0.08 
Ti K 0.53 0.09 0.24 0.89 TiO2 0.03 
Fe K 35.25 0.49 13.84 45.34 FeO 1.79 
O 45.02 0.58 61.70   8.00 
Totals 100.00      
             
The Pearson correlation coefficient (r) is used to calculate the 
relation between pH and residual turbidity  A correlation 
coefficient of 0.70 or higher is considered to be a very strong 
relationship, 0.40-0.69 a strong relationship, and 0.30-0.39 
only a moderate relationship. The results of the experiments 
are used in the calculations below: 
Σxflocc-rapid/slow = sum of pH during rapid/slow mixing, Σyflocc-
raipd/slow = sum of turbidity removal during rapid/slow mixing, 
Σx2flocc-rapid/slow = sum of the square of pH during rapid/slow 
mixing, Σy2flocc-rapid/slow = sum of the square of turbidity during 
rapid/slow mixing and Σxyflocc-rapid/slow = sum of pH multiplied 
by sum of turbidity removal (flocc = flocculent).  
Σxflocc-rapid= 36.4, Σx
2
flocc-rapid= 295.5, Σyflocc-rapid= 31.4, Σy
2
flocc-
rapid = 472.5 and Σxyflocc-rapid = 151.4 
Σxflocc-slow = 35.7,  Σx
2
flocc-slow = 291.2, Σyflocc-slow = 56.5, 
Σy2flocc-slow = 815.5 and  
Σxyflocc-slow = 362.3 
Using the results obtained for the AMD sample with a 
combination of bentonite clay and MgCO3 rapid and slow 
mixing respectively, yielded r-values of 0.874 and 0.791(87.4 
and 79.1 %), respectively. The range of the correlation 
coefficient is from -1 to 1 which calculated for the samples 
with shaking in the present experiment fall within a range of 
strong and very strong relationship. This is validated the 
correlation coefficients, R
2
 (Figs. 5 and 6) between the pH and 
turbidity removal efficiencies of the AMD with a combination 
of bentonite clay and MgCO3 during rapid and slow mixing 
respectively, 0.979 and 0.986 (97.9 and 98.6 %), showing that 
the predictions obtained for the experimental data is 
considered to be satisfactory. 
4. Conclusion  
Inorganic coagulants are the most suitable wastewater 
treatment reagents due to high valence and electronegativity. 
When added to a colloidal suspension, they cause 
destabilization which involves the diffusion of the positively 
charged ions of a metal salt across the EDL and neutralize the 
electrostatic repulsive forces. The equilibrium which is 
attributed to the van der Waals attractive and electrostatic 
repulsive forces shifts and the concentration of positive ions 
proliferates, causing attraction between neighboring 
counterionic charges. The size (radius) of the colloidal 
particles decreases and agglomeration commences. During the 
process of destabilization-hydrolysis, the rate of mechanical 
agitation is insignificant as the reactions are mostly influenced 
by the Brownian motion of the bulk solution. Settling is also 
predominant due to velocity gradient and differential velocity 
within the system.  
Another factor which influences the rate of the reactions 
includes the physico-chemical properties of both the colloidal 
suspension and the reagents. The properties of the colloidal 
suspension are identified by the type of the colloid 
(hydrophilic or hydrophobic) whereas those of the reagents 
vary in accordance with their acidic, basic, valence, 
electronegativity, amount of internal energies in a reagent, 
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hydrolysis potential, among others. Acidic reagents, i.e. Fe or 
Al salts are common due to their abundance on the earth’s 
crust whereas basic are mostly employed for pH adjustment 
and to depress solubility of the heavy metals in the solution. 
On the other hand, bentonite clay has also been employed in 
AMD treatment but the disadvantage is its plasticity and 
compressibility which may result in the formation of a hard 
solid material. Combining it with a basic reagent (MgCO3) will 
impair that structural transformation as those properties are 
impaired. The use of such a mixture is appropriate in AMD as 
the MgCO3 elevates the pH, hydrolysis to form Mg(OH)2 
precipitates (flocs) and adsorbs turbid materials. On the other 
hand, bentonite clay is predominantly involved in adsorption. 
The most advantage with Mg is that it can operate up to higher 
pH values. 
The ionic strength and conductivity of the AMD 
attributable to the dissolved solids is another factor which 
ameliorates adsorption capacity of the flocculent. Apart from 
those properties, electrophoretic mobility (V/E) and the zeta 
potential are some of the factors which determine the amount 
of dosage required to achieve the best treatment results. 
However, the considerations for electrophoretic characteristics 
of colloids and their stability apply only to hydrophobic 
colloids, the type of the sample treated in this study. Based on 
the various factors which determine the quality of the treated 
wastewater, and the complexity of the AMD sample, a choice 
of the reagent, dosage, method of chemical dispersion and 
retention time play a pivotal role in wastewater treatment.  
The pH of the AMD sample treated in this study was not 
adjusted mainly due to the high ionic strength of the AMD and 
the adsorption capacity of bentonite clay and the Mg(OH)2. 
Destabilization-hydrolysis is highly plausible due to the 
valence and electronegativity of the Mg
2+
, including the type 
of the colloid the AMD sample fall under, i.e. hydrophobic 
nature. In addition, predominant reactions include physical-
chemical phenomenon as there are no biodegradable 
constituents.  
The oxygen content of the DO and ORP is not influenced 
by the rate of mechanical agitation as it does not show 
significant variation between the raw and treated AMD. 
Conductivity of the samples with increasing bentonite clay 
while keeping MgCO3 constant decreases with increasing 
dosage, which is indicative of  adsorption of the ions onto the 
negative sites of the porous bentonite when ionic strength 
increases.  
Bentonite clay controls equilibrium state of the ionic 
strength of the system through adsorption of excess ions added 
to the system. This is observed by decreasing conductivity of 
the samples with increasing bentonite clay while keeping the 
MgCO3 constant and vice versa. The results obtained between 
the AMD sample treated with rapid and slow mixing 
respectively, did not exhibit significant deviation which 
indicates that velocity gradient induced by mechanical 
agitation does not have an influence on the turbidity removal 
from the AMD sample using a flocculent. 
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